It has been shown that in utero tobacco exposure increases offspring risk for obesity, but the mechanisms responsible for this increased risk are not well understood. Chemerin is an adipokine that regulates adipocyte differentiation. This chemokine is elevated in obese individuals and with smoke exposure, but its levels have not been measured in neonates exposed to cigarette smoke in utero. We examined chemerin gene expression [n = 31 non-smoker (NS) and 15 smoker (S)]
INTRODUCTION
Nearly 35% of all American adults and roughly 20% of children between the ages of 6 and 19 years are obese (Ogden, Carroll, Kit, & Flegal, 2014) . It is estimated that $200 billion is spent annually on obesity-related healthcare costs (Cawley & Meyerhoefer 2012) .
Thus, understanding how to prevent and treat obesity and obesityrelated diseases is crucial in stalling or reversing this epidemic.
Though multiple factors play a part in the development of obesity and metabolic disorders, one potential contribution is the in utero environment during pregnancy. The developmental origins of health and disease hypothesis posits that the perinatal environment can c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society potentially lead to long-term disease risk in offspring (Wadhwa, Buss, Entringer, & Swanson, 2009) . Specific environmental exposures during fetal development, such as tobacco smoke, negatively impact offspring health.
It has been consistently shown that tobacco smoke exposure during fetal development increases the risk of paediatric and adult offspring obesity and adult offspring type 2 diabetes (T2D) (Cupul-Uicab et al., 2012; Ino, 2010; Power & Jefferis 2002; Thomas, Hypponen, & Power, 2007) . Despite this knowledge, 15-18% of pregnant women in the USA continue to smoke throughout pregnancy and nursing (Substance wileyonlinelibrary.com/journal/ephthat are driving obesity and diabetes risk in offspring exposed to tobacco smoke in utero.
Chemerin is an inflammatory adipokine that has been implicated in adipocyte differentiation (Goralski et al., 2007) , and its protein levels are found to be elevated in serum of obese individuals (Shin et al., 2012) . However, Shin et al. (2012) and Hatziagelaki et al. (2015) demonstrated a weak association between serum chemerin concentrations and body mass index. Thus, the exact role of chemerin in the pathophysiology of obesity remains unclear. Chemerin is a ligand for the G-protein-coupled receptor chemokine-like receptor 1 (CMKLR1), which is highly expressed in adipocytes (Goralski et al., 2007) . Chemerin protein expression has been shown to be elevated in the bronchoalveolar lavage fluid of mice exposed to cigarette smoke (Demoor et al., 2011) , but whether this translates into elevated chemerin expression in human smokers or in offspring born to smoking mothers is not yet known. These attributes make chemerin a reasonable biomarker that could be associated with in utero smoke exposure and may explain why babies born to mothers who smoke during pregnancy are at an increased risk of developing obesity later in life. Understanding potential mechanisms that are altered in offspring exposed to tobacco smoke during development may provide potential pharmacological targets for therapy.
Foreskin tissue has been used previously as a surrogate tissue to study a number of cellular adaptations including wound healing, developmental abnormalities, inflammation, insulin signalling, and oxidative stress (De Corte et al., 2012; Mendez, Raffetto, Phillips, Menzoian, & Park, 1999; Qiao et al., 2012; Reynolds, Dickens, Green, Marsit, & Pearson, 2017; Reynolds, Pollack, et al. 2017; Vottero et al., 2011) . Thus, this tissue provides an opportunity to study developmental programming utilizing a neonatal tissue that comes directly from the infant . The purpose of this study was to examine if chemerin gene expression was altered in neonatal tissue of babies born to smokers compared to non-smoking mothers, and to examine any epigenetic modifications that may contribute to differential chemerin expression.
METHODS

Ethical approval
Experiments were approved by the University of Kentucky Institutional Review Board (approval reference nos 15-0197-F3R
and 12-0111-P2H). Written informed consent was obtained from all subjects prior to data and sample collection. The experiments conform to the standards set by the Declaration of Helsinki, except for registration in a database.
Subjects
Women at the University of Kentucky (UK) Chandler Hospital, Labor and Delivery Unit were recruited into the study post-partum.
A random population of women from two different cohorts was consented from 2012 to 2013 (cohort 1) and from 2015 to 2016
(cohort 2). Subjects were then identified as smokers or non-smokers
New Findings
• What is the central question of this study?
Is chemerin, an adipokine implicated in obesity, increased in neonates following in utero cigarette smoke exposure.
• What is the main finding and its importance?
Chemerin mRNA expression was increased and chemerin DNA methylation was decreased in babies born to mothers who smoked during pregnancy. These data provide a potential mechanism that may be mediating the increased obesity risk in individuals that are born to mothers who smoked during pregnancy.
by self-report. All women in the study reported smoking <1 pack of cigarettes per day, with the exception of one woman who smoked two packs of cigarettes per day. Inclusion criteria for this study were full term gestation (≥37 weeks) at delivery (vaginal or Caesarean section), a non-anomalous newborn, singleton male infants with the circumcision performed <72 h after birth. Only English-speaking mothers were eligible for the study.
EXPERIMENTAL DESIGN
Whole tissue experiments
For the whole tissue experiments (cohort 1), foreskins (n = 49) from babies were collected following circumcision and grossly dissected to separate the dartos (hypodermis) from the epidermal/dermal layers.
Samples were snap frozen and stored at −80 • C until analysis. We previously published on the effects of birthweight on gene expression in the dartos layer of the foreskin . As part of the present study, we utilized the dermal/epidermal layers for analyses.
Three out of 49 samples collected were not utilized from cohort 1 due to degraded RNA. Fifteen of the remaining 46 samples were from newborns whose mothers smoked during pregnancy. Chemerin mRNA expression was analysed in all 46 samples (31 non-smoker and 15 smoker) while DNA methylation of chemerin (28 non-smoker and 11 smoker) and LINE1 (12 non-smoker and 7 smoker), a global measure of DNA methylation, were performed in a subset of the 46 samples analysed for mRNA expression due to limited sample availability.
NanoString
RNA levels were quantified in the dermal/epidermal layer by NanoString as previously described by our lab where we analysed the dartos (hypodermal) layer of the foreskin . The dermis and epidermis cannot be mechanically separated at the time of collection, so they were analysed together. Briefly, 500 ng RNA was loaded per sample for each NanoString run. Results were normalized for positive controls and pre-selected housekeeping genes (the geometric mean was calculated for 13 housekeeping genes for each sample). The NanoString nCounter system is highly reproducible and provides similar expression patterns to real-time qPCR (Geiss et al., 2008 
Bisulfite pyrosequencing DNA methylation analysis
Chemerin pyrosequencing assay was conducted with Qiagen
Pyromark CpG assay Hs_RARRES2_02_PM (PM00029904).
Additionally, we utilized a LINE1 pyrosequencing assay as a surrogate marker for global genomic DNA methylation. LINE1 sequences constitute >15% of the human genome and are highly repeated human retrotransposon sequences. Repetitive elements make up roughly one-third of genomic methylation. Pyrosequencing primers for LINE1
were as follows: forward primer, 5 ′ -TTTTGAGTTAGGTGTGGGATATA-3 ′ ; reverse primer, 5 ′ -AAAATCAAAAAATTCCCTTTC-3 ′ ; sequencing primer, 5 ′ -AGTTAGGTGTGGGATATAGT-3 ′ . Samples were run in triplicate and data points were rejected if they were greater or less than 2 times the standard deviation from the mean of the triplicate group. DNA methylation across all CpG sites within the LINE1 assay was averaged to obtain average percentage methylation for analysis.
Cell culture experiments
Foreskins were collected from infants from an additional population (cohort 2) of smoking and non-smoking mothers as described above.
From the 24 samples collected for cohort 2, 13 were from newborns born to smoking mothers. However, only eight of these samples were utilized in the data analysis due to cell contamination or lack of cell growth in cohort 2.
Cells were plated as previously described by our lab . Briefly, the dartos layer was grossly dissected away from the dermal/epidermal layer. The dermal/epidermal layer was then immediately put in phosphate buffered saline (1×) and transported to the laboratory. Under sterile conditions, the epidermal/dermal layer was incubated in 5 ml dispase II solution (25 U ml −1 ) (Life Technologies, Carlsbad, CA, USA) for 16-20 h at 4 • C. The epidermis was then separated from the dermal layer and discarded. The dermal layer was minced and homogenized in 10 ml collagenase type IV 
Adipogenesis
Primary dermal fibroblasts from newborns of smoking and nonsmoking mothers were plated onto 12-well plates. The following adipogenesis protocol was implemented to induce adipocyte differentiation as previously described by our lab . Forty-eight hours post-confluency, the cells were induced in a cocktail of media (Gibco/Thermo Fisher Scientific, cat. no.
10569-010), 10% fetal bovine serum, gentamicin/amphotericin, 1 M dexamethasone, 0.5 mM 3-isobutyl-l-methylxanthine, 10 g ml −1
insulin and 1.0 M rosiglitazone for 3 days. Insulin (10 g ml −1 ), rosiglitazone (1.0 M) and cell media were refreshed every other day for an additional 11 days. RNA was collected and isolated using standard procedures from the Qiagen RNeasy kit (Qiagen, 2016) .
Chemerin gene expression was assessed via qPCR using the Step One Plus Real-Time PCR System (Applied Biosystems/Life Technologies). 
Statistics
Student's unpaired t test was performed on maternal and infant characteristics listed in Tables 1 and 2 and chemerin mRNA (Figures 1a and 2), chemerin DNA methylation ( Figure 1b ) and LINE1 DNA methylation ( Figure 1D ). The pre-pregnancy BMI data in cohort 1 (Table 1) 
RESULTS
Maternal characteristics
Maternal characteristics of mother/infant pairs utilized in the study are listed in Tables 1 and 2 were significantly reduced in the infants exposed in utero to cigarette smoke (P < 0.05).
Whole tissue experiments
Whole tissue from babies exposed in utero to cigarette smoke 
Cell culture experiments
Primary dermal fibroblasts were grown in culture and stimulated 
DISCUSSION
Our results suggest that in utero cigarette smoke exposure may contribute to increased chemerin gene expression in whole tissue and primary cells collected from neonates. These data also suggest that the increased expression may be in part epigenetically regulated as we saw a decrease in chemerin DNA methylation at the CpG3 site in whole tissues of newborns born to mothers who smoked during pregnancy. A previous experiment by Zhang et al. revealed that chemerin DNA methylation was negatively correlated with chemerin mRNA concentration in multiple tissues (Zhang et al., 2016) , expression, which is a stronger correlation than the results from our study. However, given that humans are a much more heterogeneous population than laboratory mice, this is not surprising. In the present study, the changes in DNA methylation of chemerin do not appear to be due to global alterations in DNA methylation, as LINE1 DNA methylation was unchanged between the smoking and non-smoking groups. As expected, our cohort of exposed newborns had reduced birth weight and length compared to newborns not exposed in utero to cigarette smoke.
While individuals who smoke generally weigh less than their non- adipogenesis is increased following cigarette smoke extract exposure in primary cultured orbital fibroblasts (Cawood, Moriarty, O'Farrelly, & O'Shea, 2007; Yoon, Lee, Chae, Lee, & Lee, 2013) (Varvarigou, Fouzas, & Beratis, 2010) .
We demonstrated that chemerin mRNA expression was increased in dermal foreskin tissue and primary dermal fibroblasts, and that DNA methylation of chemerin was decreased in dermal foreskin tissue of human neonates exposed in utero to cigarette smoke. Cigarette smoke has been shown to induce greater chemerin and chemerin receptor protein expression in the bronchoalveolar lavage fluid of mice (Demoor et al., 2011) . Our study demonstrates that these findings translate to human neonates of smoking mothers and provide evidence of epigenetic regulation as DNA methylation of chemerin was decreased in babies exposed to cigarette smoke. While we did not measure chemerin receptor directly, we would anticipate that chemerin receptor would also be increased. Numerous studies demonstrate chemerin is associated with increased adipogenesis (Goralski et al., 2007; Muruganandan et al., 2011; Roh et al., 2007) which may provide a mechanism behind why infants exposed in utero to cigarette smoke have greater rates of obesity later in life. However, defining causation for this mechanism would require additional studies of dose-response and of knockout or transgenic mouse models of chemerin expression. Despite the present limitations, these results provide important new evidence for a link between maternal smoking during pregnancy and increased chemerin mRNA expression.
Low birth weight babies often demonstrate greater catch up growth than normal weight babies, which places them at a greater risk of developing diseases, such as cardiovascular disease, type 2 diabetes, and obesity later in life (Ekelund et al., 2007; Eriksson et al., 1999) .
Indeed, the full term babies born to mothers who smoked in the present study had lower birth weights than the babies born to mothers who did not smoke during pregnancy. Vik, Jacobsen, Vatten, and Bakketeig (1996) found that babies born to smoking mothers displayed lower birth weight and length. However, by 5 years of age, these children had caught up to their non-smoke-exposed counterparts and even displayed increased skinfold thickness suggestive of greater amounts of adiposity. Although not measured, we propose that increased chemerin expression may play a role in catch up growth.
To our knowledge this has never been examined, and thus is purely speculation.
The study does have limitations. Given that newborns in the smoking group were smaller than in the control group, it is possible that other factors controlling gestational weight gain, instead of maternal smoking, are impacting the increased chemerin expression. However, others have demonstrated that chemerin in cord blood is positively correlated with birth weight, which would not support such a concern (Mazaki-Tovi et al., 2012) . Secondly, all samples were derived from term deliveries to minimize possible variation related to gestational age. The gene expression we observed may vary at different gestational ages or vary based upon the extent of nicotine exposure (we did not measure nicotine or cotinine directly in the mother or neonate). Thirdly, it is possible that some of the women who reported not smoking were exposed to second hand smoke during their pregnancy as this was not examined in this study. However, the inclusion of second hand smoke exposed samples in our non-smoking group would likely result in smaller differences between the groups. Thus, it is possible that there would be a greater difference in chemerin expression between smokers and non-smokers if no second-hand smoke samples were included. Lastly, we made these measurements in epidermal/dermal samples and predict that the adipose tissue would respond in a similar fashion, which may not be the case. Due to limited tissue availability, we were only able to assess DNA methylation and mRNA expression of chemerin rather than protein expression in our samples so this should be investigated in the future. Finally, in the present study, we only collected samples from male newborns; thus, we cannot comment on the potential for sex bias in this study and whether female neonates would demonstrate similar chemerin expression patterns related to tobacco exposure.
In summary, we demonstrate that chemerin expression is altered in neonatal tissue and primary fibroblasts from newborns of mothers who smoked during pregnancy. Neonates born to mothers who smoke during pregnancy exhibit distinct changes as a response to in utero smoke exposure which are likely regulated in part by epigenetics. Our data provide a potentially novel mechanism behind increased later-life obesity risk in babies born to mothers who smoke during pregnancy.
